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Abstract—Free-space optical (FSO) communications has the
potential to revolutionize wireless communications due to its
advantages of inherent security, high-directionality, high avail-
able bandwidth and small physical footprint. The effects of
atmospheric turbulence currently limit the performance of FSO
communications. In this letter, we demonstrate a system ca-
pable of indiscriminately suppressing the atmospheric phase
noise encountered by independent optical signals spread over
a range of 7.2THz (encompassing the full optical C-Band), by
actively phase stabilizing a primary optical signal at 193.1THz
(1552nm). We show ∼30dB of indiscriminate phase stabiliza-
tion over the full range, down to average phase noise at 10Hz
of −39.6dBcHz−1 when using an acousto-optic modulator
(AOM) as a Doppler actuator, and −39.9dBcHz−1 when
using a fiber-stretcher as group-delay actuator to provide the
phase-stabilization system’s feedback. We demonstrate that this
suppression is limited by the noise of the independent optical
signals, and that the expected achievable suppression is more
than 40dB greater, reaching around −90dBHz−1 at 10Hz.
We conclude that 40Tbps ground-to-space FSO transmission
would be made possible with the combination of our stabilization
system and other demonstrated technologies.
Index Terms—Free-space optics, optical communications,
phase stabilization, atmospheric propagation, wavelength division
multiplexing
I. INTRODUCTION
FREE-SPACE optical (FSO) communications providemany advantages over conventional radio-frequency wire-
less technology, such as greater inherent security, high direc-
tionality, higher available bandwidth, and small physical foot-
print. These advantages make FSO communication valuable
to military, commercial, and scientific applications requiring
secure high-speed data transfer over line-of-sight free-space
channels.
The efficacy of these FSO channels are limited by their vul-
nerability to the effects of atmospheric turbulence. The spatial
and temporal fluctuations of the atmosphere vary the propaga-
tion of transmitted optical beams, leading to intensity fluctua-
tions and increased phase noise on the received signal [1]–
[3]. The intensity fluctuations are caused by beam-wander
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and scintillation due to first-order and higher-order variations
in the propagating beam. There is ongoing research into
suppressing these effects through the use of adaptive optics
and fast steering mirrors [4]–[9]. The increased phase noise
is due to zeroth-order (or piston-mode) variations imprinting
phase perturbations onto the propagating beam. Overcoming
this degradation is important for the stable FSO transfer of
coherent optical reference signals.
The stable transmission of coherent reference signals
over FSO channels is important to many scientific applica-
tions [10]–[13]. This has led to the development of coherent
phase stabilization systems, capable of suppressing the atmo-
spheric phase noise over point-to-point [14] and folded FSO
channels [15]–[20]. These coherent phase stabilization systems
are based on similar fiber-based stabilization techniques [21]–
[23], and are focused on suppressing the atmospheric phase
noise experienced by a single optical frequency during FSO
transmission.
The phase fluctuations experienced by transmitted optical
signals during atmospheric propagation are only weakly de-
pendent on wavelength [17]. This means that measurement of
the atmospheric phase fluctuations experienced by a primary
optical signal can be used to infer and stabilize the phase
noise experienced by independent secondary optical signals
separated in wavelength. In 2019, Kang et al. [17], used
a frequency comb-based optical source to demonstrate that
this technique was able to stabilize several secondary optical
signals offset from the primary optical signal by ∼4 THz. This
ability to use a single primary optical signal to indiscrimi-
nately stabilize the atmospheric phase noise encountered by
independent signals in an ultra-wide spectral range has impor-
tant significance for FSO communications using wavelength
division multiplexing (WDM) [24]–[26].
In this letter, we demonstrate indiscriminate phase sta-
bilization of independent secondary optical signals from a
tunable laser in 19 channels spanning 7.2 THz (190.0 THz
to 197.2 THz or 1578 nm to 1520 nm), by phase stabilizing a
primary optical signal at the centre of this range (193.1 THz
or 1552 nm). We present results using both a fiber-stretcher as
group-delay actuator, and an acousto-optic modulator (AOM)
as a Doppler actuator, to provide the phase-stabilization
system’s feedback. We show that the indiscriminate phase
stabilization of the secondary optical signal suppresses the
phase noise by greater than ∼30 dB, down to an average
phase noise at 10 Hz of −39.6 dBc Hz−1 when using an
AOM, and −39.9 dBc Hz−1 when using a stretcher to provide
feedback. We demonstrate that the measured suppression is
limited by the poor coherence of the secondary optical source,
and find the achievable suppression is likely to be over 40 dB
greater, down to around −90 dBc Hz−1 at 10 Hz.
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II. TRANSFER SYSTEM DESCRIPTION
The phase stabilization system presented in this paper
actively suppresses the atmospheric phase noise encountered
by a primary optical signal during transmission over a FSO
channel. A block diagram of the experimental system is shown
in Fig. 1. The primary optical signal is produced by an
NKT Photonics X15 laser with a nominal frequency, νp, of
193.1 THz, a phase noise of δνp(t), and an output power
of 15 dBm (30 mW). The phase stabilization takes advantage
of the weak dependence of the atmospheric phase noise on
the optical frequency [17] to indiscriminately phase stabilize
independent secondary optical signals from a Topica Photonics
DL100 Tunable laser with a variable frequency, νs, and a phase
noise of δνs(t). The variable frequency of this laser is tuned
over 7.2 THz (190.0 THz to 197.2 THz) in order to probe the
efficacy of the indiscriminate phase stabilization.
The design of the phase stabilization system is based on an
interferometer, with one arm encompassing the FSO channel.
The primary optical signal is passed through a circulator to
a wavelength-division multiplexer (WDM), which combines
the secondary optical signal from the tunable laser onto the
same fiber. The combined signal is then passed through a
local AOM that shifts the frequency of the transmitted signals
by a nominal frequency, νlo, of 75 MHz, which may be
tuned by ∆νlo(t). The combined signal is then sent through
a 40 m fiber stretcher, fiber to free-space collimator, Gaussian
beam expander, and is launched over a 150 m turbulent FSO
channel with a 1/e2 beam radius of 16.8 mm and divergence
of 29 µrad.
The combined signal is received (following a propagation
time of T ) by a separate Gaussian beam expander and free-
space to fiber collimator, after having atmospheric phase noise
(δatm(t)) induced by turbulence in the FSO channel. The
combined signal is then passed through a second AOM. This
remote AOM imparts a frequency shift, νrm, of −85 MHz,
which enables the servo system to distinguish signals reflected
from the remote site from other spurious reflections in the link.
A WDM is then used to extract the received secondary optical
signal (νrxs (t)).
νrxs (t) = νs + δνs(t− T ) + νlo + ∆νlo(t− T )
+ δνatm(t) + νrm (1)
The received primary optical signal is then split, 30% is
used to monitor the primary optical stability. The remainder is
then reflected by a Faraday mirror, back through the remote
AOM and over the FSO channel. This reflected primary optical
signal is then received at the transmission site, and passed
back through the local AOM and directed by a circulator to
a photo-detector where it forms a hetrodyne-beat against the
local primary optical signal.
This hetrodyne-beat signal is then mixed with a local
oscillator (of frequency 2νlo + 2νrm) and the down-converted
signal is isolated by low-pass filtering. The resulting error
signal (νerror) contains information about the phase noise
encountered by the primary optical signal during transmission
over the FSO channel (δνatm).
νerror = −δνp(t) + δνp(t− 2T ) + ∆νlo(t) + ∆νlo(t− 2T )
+ δνatm(t− 2T ) + δνatm(t) (2)
The error signal is driven to zero by a servo loop, which
actively alters the frequency of the local AOM (∆νlo), thereby
suppressing the additional atmospheric phase noise. By ap-
proximating ∆νlo(t) + ∆νlo(t − 2T ) as 2 × ∆νlo(t), the
resulting local AOM frequency shift is:
∆νlo(t) =
1
2
(δνp(t)− δνp(t− 2T )
− δνatm(t− 2T ) + δνatm(t)) (3)
This is then substituted, with appropriate time delays, into
Eq. 1 to get the expected secondary optical signal received
with indiscriminate phase stabilization engaged.
νrxs (t) = νs + νlo + νrm
+ δνs(t− T )] + [1
2
δνp(t− T )− 1
2
δνp(t− 3T )
+ δνatm(t)− 1
2
δνatm(t− 3T )− 1
2
δνatm(t− T ) (4)
This received secondary optical signal is beaten against the
secondary optical source (νs + δνs(t)) onto a measurement
photodetector. The phase noise of this electrical measurement
signal (νmeass (t)) is then used to analyze the stability of the
indiscriminate phase stabilization.
νmeass (t) = νlo + νrm
+ δνs(t− T )− δνs(t) + 1
2
δνp(t− T )− 1
2
δνp(t− 3T )
+ δνatm(t)− 1
2
δνatm(t− 3T )− 1
2
δνatm(t− T ) (5)
This measurement signal has a nominal frequency
of 10 MHz (νlo + νrm), and noise contributions from the
primary optical signal, secondary optical signal, and the
atmospheric turbulence. These three noise contributions are
independent, and thus they may each be analyzed separately
by applying the identity for combinations of time delayed
copies of a noise process (detailed in the appendix of [16]).
The expected contribution from each source (X) on the
measurement signal (SmeasX ) may be expressed in terms of
their inherent noise (SX ):
Smeass (f) = [2− 2cos(2pifT )]Ss(f) (6)
Smeasp (f) =
[
1
2
− 1
2
cos(4pifT )
]
Sp(f) (7)
Smeasatm (f) =
[
3
2
− 1
2
cos(2pifT )− cos(4pifT )
]
Satm(f)
(8)
A typical inherent noise model for the primary optical signal
(Sp(f)) was provided by the manufacturer [27]. The inherent
phase noise model for the secondary optical source (Ss(f))
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Fig. 1. Block diagram of the indiscriminate phase stabilization system. Green lines indicate primary optical signals, Red lines indicate secondary optical
signals, and blue lines indicate electrical signals used for control and stability measurements. Noise processes begin with a δ, controlled phase variations
begin with a ∆, and both are time dependent.
was obtained by converting frequency noise data provided by
the manufacturer [28]. The noise model for the atmospheric
component (Satm(f)) is obtained from the unstabilized atmo-
spheric noise, under the assumption that this phase noise will
be dominated by the atmospheric effects.
The system produced for this paper has the option of using a
fiber-stretcher as group-delay actuator to close the servo loop,
instead of driving the local AOM as in Eq. 3. Though the
actuation method changes, the effect on the output signal, and
the subsequent equations remain the same.
III. RESULTS
The performance of the indiscriminate phase stabilization
was determined by measuring the stability of the 10 MHz mea-
surement signal (νmeass (t)) using a Microsemi 3120a Phase
Noise Test Probe. Fig. 2 shows the stability measurements ob-
tained for Channel 72 (197.2 THz) when unstabilized (blue),
stretcher stabilized (orange), and AOM stabilized (green). The
predicted noise contributions due to primary optical source
noise (Smeasp (f)), secondary optical signal noise (S
meas
s (f)),
and residual atmospheric effects (Smeasatm (f)) are also dis-
played.
When unstabilized, the stability of the output signal is dom-
inated by atmospheric effects for frequencies below 100 Hz.
Above 100 Hz the inherent noise of the secondary optical
source dominates. When stabilized, the atmospheric noise is
successfully suppressed, and the inherent phase noise of the
secondary optical source appears to dominate even at lower
frequencies.
Equivalent stability measurements were taken
every 400 GHz across a 7.2 THz range centered at 193.1 THz.
The phase noise at 10 Hz for the unstabilized (blue), stretcher
stabilized (yellow), and AOM stabilized (green) over
the 7.2 THz range are shown in Fig. 3. At other offset
frequencies the phase noise for the unstabilized, stretcher
stabilized, and AOM stabilized measurements showed similar
consistency over the full 7.2 THz range.
Fig. 2. Phase noise of the independent secondary optical signal at a frequency
of 197.2 THz when unstabilized (blue), stretcher stabilized (orange), and
AOM stabilized (green). The plot also contains the modeled contributions from
the primary optical source noise (purple), secondary optical signal noise (red),
and residual atmospheric noise (brown). The vertical dotted line at 10 Hz
indicates the phase noise value corresponding to the results in Fig. 3.
While unstabilized, the average phase noise at 10 Hz
is −10.5+1.6−2.6 dBc Hz−1. With the phase stabilization
engaged, the average phase noise at 10 Hz decreases
to −39.6+1.3−1.8 dBc Hz−1 when using the AOM
and −39.9+1.3−1.8 dBc Hz−1 when using the stretcher. This
represents a ∼30 dB reduction in phase noise, with
insignificant dependence on the type of actuator used.
IV. DISCUSSION
The results indicate that the phase stabilization system op-
erating at 193.1 THz was successfully able to indiscriminately
stabilize adjacent channels over a 7.2 THz range. The average
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Fig. 3. The phase noise at 10 Hz for each secondary optical frequency
measured over the 7.2 THz range when unstabilized (blue), stretcher sta-
bilized (orange), and AOM stabilized (green). This indicates the efficacy of
the indiscriminate phase stabilization system over a broad spectral range.
phase noise at 10 Hz was reduced by ∼30 dB, down to a
value dominated by the inherent phase noise of the secondary
optical source. The modeled noise floors in Fig. 2 suggest
that a reduction in the phase noise of the secondary optical
source, to below the primary optical source, would improve
the measured suppression by >40 dB. With the phase noise
of the primary optical source dominating, the expected phase
noise at 10 Hz would be ∼− 90 dBc Hz−1.
The average phase noise after the indiscriminate phase stabi-
lization was equal to within statistical uncertainty, when using
either the Doppler (AOM), or group delay (fiber stretcher)
feedback actuator. Some advantages of using a fiber stretcher
include lower cost, lower insertion loss and no static frequency
shift. Also, as a group delay actuator, the fiber stretcher is
able to directly suppress time of flight fluctuations caused by
the atmosphere. Alternatively, advantages of the AOM include
smaller physical size, faster actuation and an infinite phase
actuation range (due to acting on the frequency). However,
as a Doppler actuator, the AOM acts on the derivative of the
signal phase, and thus the effect on the time of flight will
depend in part on the wavelength of different signals. This
has the potential of degrading the efficacy of the phase stabi-
lization system at suppressing time of flight fluctuations. At
the measurement sensitivity of our experiment, this potential
degradation was not observed.
In this experiment, the phase stabilization system used a
primary optical signal to indiscriminately stabilize independent
pure optical signals over a 7.2 THz range encompassing the
entire C-Band. However, the indiscriminate phase stabilization
may be readily applied to any arbitrary optical signals across
the frequency range tested. Thus, any optical communications
signals within C-band may be sent over the link and expe-
rience the same level of phase stabilization. Theoretically,
this indiscriminate phase stabilization should also work for
optical signals within the S-band, L-band, and beyond. This
suggests that this system could be used to stabilize fiber based
communications techniques and equipment for use in free-
space communications. This has the potential to significantly
reduce the developmental barriers to entry for designing and
utilizing free-space optical communication by leveraging the
decades of development in high-speed communications over
optical fiber.
Specifically, we note that Kang et al. [17] demonstrated
that a phase stabilization system, similar to the one pre-
sented in this paper, can improve the quality of a 1 Gbps
binary phase-shift keying (BPSK) data stream transmitted
over a 1.4 km free-space link. Therefore, we expect that
if a wideband FSO data communication system – such as
the 13 Tbps FSO record, generated using 54 WDM C-band
channels, each transmitting 245 Gbps DP-QPSK [26] – were
enhanced with an ultra-wideband phase stabilization system,
the data transmission quality could be improved in cases where
atmospheric turbulence limits the transmission. This will be
the case for custom, low SWaP, communication systems that
rely on highly-coherent lasers, and where the optical path
needs to sweep through an atmospheric slant path to track low
Earth orbit satellites. Based on the current optical fiber-based
data rate record demonstrated using a single photonic sources
(low SWaP) – 160 WDM wavelength channels, each transmit-
ting at 243 Gbps 64-QAM [29] – we conclude that 40 Tbps
ground-to-space FSO transmission should be made possible
with the combination of our stabilization system and other
demonstrated technologies.
V. CONCLUSION
In this letter, we demonstrated a FSO phase stabilization
system which uses a primary optical signal (at 193.1 THz or
1552 nm) to indiscriminately phase stabilize independent opti-
cal signals from a tunable laser, spread over a range of 7.2 THz
encompassing the full optical C-Band. The phase stabilization
servo is closed with both an AOM as a Doppler actuator,
and a fiber stretcher as a group-delay actuator. We show
that this indiscriminate phase stabilization is able to suppress
phase noise in these independent signals by ∼30 dB, down
to an average level of −39.6 dBc Hz−1, and −39.9 dBc Hz−1
at 10 Hz, when using the AOM, and stretcher as the actuators.
We demonstrate that the measured suppression is limited by
the poor coherence of the secondary optical source, and find
the achievable suppression is likely to be more than 40 dB
greater, reaching an average phase noise around −90 dB Hz−1
at 10 Hz. Our analysis indicates that 40 Tbps transmission
should be made possible in the most challenging atmospheric
turbulence conditions, with the combination of our stabiliza-
tion system and other demonstrated technologies.
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